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Bulk antiferromagnetism in Na0.82CoO2 single crystals
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Susceptibility, specific heat, and muon spin rotation measurements on high-quality single crystals
of Na0.82CoO2 have revealed bulk antiferromagnetism with Ne´el temperature TN = 19.8±0.1 K and
an ordered moment perpendicular to the CoO2 layers. The magnetic order encompasses nearly 100%
of the crystal volume. The susceptibility exhibits a broad peak around 30 K, characteristic of two-
dimensional antiferromagnetic fluctuations. The in-plane resistivity is metallic at high temperatures
and exhibits a minimum at TN.
PACS numbers: 75.30.-m, 76.75.+i, 72.80.Ga, 71.30.+h
Long-standing interest in the interplay between spin,
charge, and orbital degrees of freedom in cobalt oxides
has increased following the recent discovery of supercon-
ductivity in the hydrated cobaltate Na0.35CoO2 ·1.3H2O
(Ref. 1). Its transition temperature, Tc = 4.6 K, is much
lower than those of the layered copper oxides, but higher
than that of Sr2RuO4, the only other known layered tran-
sition metal oxide which exhibits superconductivity. The
crystal structure of this compound contains distorted,
edge-sharing CoO6 octahedra such that the Co sites form
a triangular lattice2,3. The electronic structure is quasi-
two-dimensional4,5,6,7. Unconventional superconductiv-
ity has been proposed based on NMR experiments8,9 and
model calculations4,10,11,12, but many important ques-
tions about the symmetry of the order parameter and
the character of the quasi-particles at the Fermi surface
have yet to be answered.
The triangular CoO2 layers of NaxCoO2 are isostruc-
tural to those of Na0.35CoO2 · 1.3H2O (Refs. 13,14,15).
It may therefore serve as a reference system with re-
spect to the effects of doping and magnetic correla-
tions. NaxCoO2 is metallic
16 and exhibits an unusual
Hall effect17, as well as a very large thermopower18. The
thermopower increases with increasing x19, which in a
local-moment picture corresponds to a progressive dilu-
tion of magnetic Co4+ (S = 1/2) with nonmagnetic Co3+
(S = 0). Following observations of a pronounced field de-
pendence, a magnetic mechanism has been invoked to ex-
plain the large thermopower17. It is therefore important
to determine the magnetic ground state and exchange
parameters in this material.
We have taken a first step in this direction by syn-
thesizing high-quality single crystals of NaxCoO2 with
x∼ 0.8 and studying their resistivity, specific heat, and
magnetic susceptibility as a function of temperature. An
antiferromagnetic state with Ne´el temperature TN =
19.8 ± 0.1 K and an ordered moment perpendicular to
the CoO2 layers was observed. Muon spin rotation (µSR)
measurements confirm that the static magnetic order en-
compasses nearly 100% of the volume. The in-plane resis-
tivity shows a minimum around the magnetic phase tran-
sition. The susceptibility exhibits a broad peak around
30 K, characteristic of two-dimensional antiferromagnetic
fluctuations. These findings may be indicative of a quasi-
two-dimensional commensurate spin density wave.
Cylindrical single crystals of diameter 6 mm and length
80 mm were grown in an optical floating-zone furnace.
The initial polycrystalline material was prepared using
a mixture of Na2CO3 and Co3O4 with a Na:Co ratio of
0.8:1. The powders were calcined at 750 ◦C for 12 hours
and then reacted at 850 ◦C for a day with intermediate
grindings. The mixture was pressed to form a cylinder
and premelted prior to growth. The molten zone was
passed through the feed rod under oxygen flow at a rate
of 2 mm/h. Details will be published elsewhere20. Pieces
cut from two of the resulting crystals were analyzed by
inductively coupled plasma atomic emission spectroscopy
and atomic absorption spectroscopy. The Na:Co ratios
were found to be 0.82±0.02 and 0.83±0.02, respectively.
The virtually identical compositions attest to good repro-
ducibility of the crystal preparation. The Ne´el tempera-
tures of both samples were also identical within experi-
mental error. Single-crystal and powder x-ray diffraction
confirm a nearly pure phase with space group P63/mmc,
in good agreement with Ref. 15 and with Raman scat-
tering experiments21. The lattice parameters were deter-
mined by single-crystal x-ray diffraction along (h, h, 0)
and (0, 0, l) at room temperature, resulting in values of
a = 2.843(1)A˚ and c = 10.687(5)A˚. The susceptibility,
specific heat, and resistivity measurements were carried
out in Quantum Design MPMS and PPMS systems.
Fig. 1 shows the magnetic susceptibility measured in
a 5T magnetic field oriented either along the c-axis or
perpendicular to it. Upon cooling, the anisotropy in-
creases, and a broad peak develops around 31 ± 3 K.
This is indicative of short-range, Ising-type, quasi-two-
dimensional antiferromagnetic correlations. A sharp de-
crease of the c-axis susceptibility around 20 K heralds an
antiferromagnetic transition with ordered moments along
c. The inset in Fig. 1 shows that the transition is sharp
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FIG. 1: Magnetic susceptibility of Na0.82CoO2 measured on
cooling in a 5T magnetic field oriented along (open symbols)
and perpendicular to (closed symbols) the c-axis. Inset: Low-
temperature susceptibility along c in different applied fields.
and only weakly affected by the field. Curie tails, pre-
sumably due to paramagnetic impurities, are suppressed
in a 5T field.
A broad hump in the susceptibility is evident at around
285 ± 5K, for all sample orientations and at all applied
magnetic fields. This temperature corresponds roughly
to the onset of the low-temperature splitting of a phonon
mode at ν ∼ 550cm−1, as observed in IR conductivity
measurements (not shown). This suggests that this fea-
ture in the susceptibility arises from a structural phase
transition intrinsic to Na0.8CoO2, rather than from an
impurity phase such as CoO (an antiferromagnet with
TN = 292K). This interpretation is consistent with x-
ray powder diffraction measurements, which exhibit no
traces of CoO. The origin of the structural transition re-
mains to be determined.
The specific heat, CP , also exhibits a sharp anomaly
at 19.8 ± 0.1 K, which indicates the onset of long-range
antiferromagnetic ordering (Fig. 2). The entropy con-
tained in this anomaly amounts to 0.08(1) J/molK and
corresponds to about 10% of the entropy of the Co4+
spin-1/2 system. There is a slight excess heat capacity
above TN, extending up to ∼ 35 K. These observations
are consistent with the short-range magnetic fluctuations
above TN visible in the magnetic susceptibility measure-
ments.
The specific heat at low temperatures contains a con-
tribution linear in temperature which is revealed in a
CP / T = γ + β T
2 plot (inset in Fig. 2). It is slightly
sample-dependent and amounts to 8.4(3) and 10.4(4)
mJ/molK2 for the two measured crystals. We ascribe it
to the Sommerfeld term from the conduction electrons.
If the cubic term β is attributed to the contribution of
acoustic phonons alone (ignoring possible contributions
from magnons), it corresponds to a Debye temperature
of ∼ 420 K.
Muon-spin-rotation (µSR) experiments have been per-
formed using the GPS setup at the pim3 beamline at
the Paul-Scherrer-Institute (PSI) in Villigen, Switzer-
land, which provides 100% spin-polarized muons. The
µSR technique is especially suited for the investigation
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FIG. 2: Specific heat of a Na0.82CoO2 crystal. Inset: Low-
temperature specific heat in a CP / T = γ + β T
2 plot.
of magnetic materials with small magnetic moments. In
particular, it allows one to study the homogeneity of the
magnetic state on a microscopic scale, and also to access
its volume fraction. The accessible time scale is 10−6-
10−10 s. The muons are implanted into the bulk of the
material, where they thermalize rapidly without any no-
ticeable loss in their initial polarization. They stop at
well-defined (but in general unknown) interstitial lattice
sites. In the present compound, they most likely form a
muoxyl bond with an oxygen atom in the CoO2 planes
or occupy empty Na sites in between the CoO layers.
The whole ensemble of muons is randomly distributed
throughout a layer with a thickness of about 200 µm,
and thus probes a representative part of the sample vol-
ume. The muons decay (with a mean lifetime of τµ = 2.2
µs) into two neutrinos and a positron which is preferen-
tially emitted along the direction of the muon spin at the
instant of decay. The time evolution of the spin polariza-
tion, P (t), of the muon ensemble can thus be obtained
via the time-resolved detection of the spatial asymmetry
of the positron emission rate.
Fig. 3a shows µSR spectra obtained at T=7.5 K in
a zero-field configuration. The normalization of the to-
tal asymmetry of the polarization function is based on
the measurement in a weak transverse field of 100 Oe
at 50 K, where the sample is in the paramagnetic state.
Spectra for two different orientations of the muon spin-
polarization with respect to the crystallographic c-axis
are shown. It is evident that the spectra contain several
oscillating components, which means that the muons ex-
perience several well-defined local magnetic fields. Even
without any further analysis, one can immediately con-
clude that a large fraction of the sample volume must
exhibit static magnetic order. We analyzed the spectra
3using a relaxation function of the form
P (t) = P (0)
∑
i
Ai cos(2piν
i
µt) exp(−λ
it). (1)
An excellent description of the data can be obtained
with a sum of three oscillatory terms with frequencies
and relaxation rates (at low temperature) νµ = 1.25, 2.6
and 3.2 MHz and λ = 0.8, 1.2 and 2.8 µs−1, plus one
non-oscillatory term with a very small relaxation rate
of λ = 0.02 µs−1 that accounts for the component of
the muon spin parallel to the internal fields (lines in Fig.
3a). The frequencies of the oscillating components do not
depend on the direction of the muon spin, while their
amplitudes, Ai, exhibit a strong variation. The ampli-
tudes for the different muon-spin orientations can be used
to determine the direction of the local magnetic fields,
as well as the corresponding magnetic volume fractions.
The spectra suggest that the muons experience three dif-
ferent well-defined local magnetic fields which point in
different directions. The highest field is parallel to the
c-axis (within the error bar) and amounts to about 17%
of the entire signal. The 2.6 MHz signal is at an angle of
about 25◦ with respect to the c-axis and comprises nearly
33% of the total amplitude. Finally, the 1.2 MHz signal
is at an angle of 43◦ and represents about 50% of the
entire signal. Based on this analysis, we thus find that
the volume fraction of the magnetic state is in excess of
95%: that is, the entire sample is magnetically ordered
within the error of our measurement.
Evidence for antiferromagnetic ordering in NaxCoO2
was also obtained in a previous µSR study23. While the
Ne´el temperatures we find are in good agreement with
the data of Sugiyama et al.23, there are also substan-
tial differences. First, they obtained much smaller vol-
ume fractions of the magnetically ordered phase (about
20% in their polycrystalline Na0.75CoO2 sample and 50%
in their Na0.9CoO2 single crystal). This suggests that
their samples might have been less homogeneous, possi-
bly due to an inhomogeneous distribution of Na. Another
important difference may exist concerning the intercala-
tion of water, which is known to occur rather rapidly
under moist conditions, especially for powder samples.
Secondly, the magnitude and number of the deduced
muon spin precession frequencies are also rather different.
In their polycrystalline samples, they also observe three
muon frequencies, at about 3.3, 2.6 and 2.1 MHz. How-
ever, their relative amplitudes are different from those
observed in our crystals, so that, for instance, the largest
contribution comes from the highest-frequency mode. In
their single-crystal sample, Sugiyama et al. observe only
one frequency, though there is some evidence for at least
one additional frequency23.
This leaves us with the important question of whether
the different local magnetic fields are a consequence
of different crystallographic muon stopping sites, or
whether they should be interpreted in terms of differ-
ent magnetic environments. The latter may be caused
FIG. 3: a) Time dependence of the spin polarization of muons
implanted in a Na0.82CoO2 crystal in zero field at T = 7.5
K. Θ is the angle subtended by the initial spin polarization
and the crystallographic c-axis. The lines are the results of
fits described in the text. b) Temperature dependence of the
µSR frequencies extracted from the P (t) spectra (panel a).
The dashed lines are guides to the eye.
by commensurate magnetic order with a large unit cell,
but could also arise from a macroscopically inhomoge-
neous magnetic state. As noted by Sugiyama et al., the
local fields experienced by the muons in different crystal-
lographic muon sites should be mostly of dipolar origin.
Potential muon stopping sites are close to the oxygen
ions and near Na(1) or Na(2) vacancies. We performed
a calculation of the dipolar fields for the case of Co mo-
ments directed along the c-axis and exhibiting A-type an-
tiferromagnetic order. We find that the magnetic fields
near the Na(1) and the Na(2) vacancies are vanishingly
small. We therefore suggest that the muons are located
primarily near the oxygen ions, forming a muoxyl bond,
as in other oxide compounds including the cuprate high-
Tc superconductors
22. Assuming an ordered moment of
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FIG. 4: In-plane resistivity of Na0.82CoO2. Insets: Low-
temperature resistivity and its temperature derivative.
0.3 µB, we obtain a local magnetic field of about 2 MHz
at the oxygen site.
The three different muon-spin precession frequencies
observed in the experiment could be due to the presence
of a structural minority phase with a monoclinic distor-
tion, as discussed in Ref. 13. However, if a minority
phase were present in our sample, its Ne´el temperature
would have to be very similar to that of the majority
phase. This conclusion is based on the temperature de-
pendence of the local magnetic fields, which is shown in
Fig 3b. It is evident that all three local fields exhibit
a similar T-dependence, i.e. they decrease towards the
magnetic transition at 19.8 K evident in the magnetiza-
tion and the specific heat data.
It is also possible that the three frequencies reflect a
commensurate spin order in which the same local field is
repeated in every third crystallographic unit cell. How-
ever, our data do not support an interpretation in terms
of an incommensurate magnetic order23, which should
give rise to much larger depolarization rates and to a
different form of the relaxation function. We have tried
fitting with Bessel functions, but could not obtain a rea-
sonable fit. Since µSR data provide only local informa-
tion, it is not straightforward to deduce further informa-
tion concerning the magnetic ordering pattern. Neutron
scattering experiments will be required to settle this im-
portant issue.
Fig. 4 shows the in-plane resistivity measured on a
rectangular crystal (4× 3× 0.6mm3) with a four-point
ac-technique (ν=119 Hz). The resistivity is frequency-
independent between 19 and 1000 Hz and exhibits metal-
lic character for T > TN, with a residual-resistivity ratio
ρ (300K)/ρ (4.2K)∼ 20. The temperature derivative of
the resistivity changes sign at TN (insets in Fig. 4). This
is the behavior expected if a spin density wave opens a
small gap at the Fermi surface.
In conclusion, the thermodynamic, transport, and µSR
data reported here are consistent with an intrinsic, com-
mensurate antiferromagnetic spin density wave transition
at 19.8 K, but incompatible with incommensurate mag-
netic order23. Our data may prove valuable in elucidating
the origin of the large thermopower of NaxCoO2 and of
the unconventional superconducting state in the closely
related compound Na0.35CoO2 · 1.3H2O.
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